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Abstract. Rare decays of beauty particles were studied in several charmless modes using the data collected with the DELPHI detector at LEP from 1991 to 1994. These decays are mediated by both tree level b → u and one-loop penguin b → s, d transitions. Evidence for charmless B decays was obtained in two body hadronic modes. The branching ratios of B respectively. The fraction of these decays with a charged kaon in the final state that is not from the spectator s quark, was measured to be 0.58 ± 0.18. Upper limits were set at 90% confidence level on the branching ratios for three and four body charmless hadronic decays in the range of (1 − 3) × 10 −4 , for inclusive radiative b → sγ decays at 5.4 × 10 −4 , for the exclusive radiative decays B 
Introduction
This paper presents a study of three classes of rare charmless b decays using the data collected in 1991-94 by the DELPHI experiment at LEP. The three classes of b decays studied are the charmless decays in hadronic, radiative and dineutrino modes. These modes probe different decay processes contributing to the total charmless decay rate.
Charmless decays of the b quark in the Standard Model are due both to level b → u diagrams (see Fig. 1a and 1b) and to one-loop penguin diagrams inducing b → d and b → s transitions (Fig. 1c) . Non-spectator processes, such as exchange and annihilation diagrams, are expected to give only relatively minor contributions. Different decay modes can originate either from only one of these two classes of processes or from a combination of them. For example, semileptonic charmless decays are pure b → u transitions while decays involving b → s transitions are due to penguin loop diagrams, flavour changing neutral current processes being forbidden at tree level in the Standard Model. Charmless hadronic decays of B particles receive contributions from both tree level b → u processes and penguin processes. Charmless radiative and dineutrino decays come purely from Feynman diagrams of the main processes contributing to the rare b decays studied in the present paper: hadronic charmless b decays through tree level diagrams (a and b) and penguin diagrams (c), and radiative (d) and dineutrino (e) decays also through penguin diagrams penguin diagrams ( Fig. 1d and 1e ). The total branching ratio into charmless final states is expected [1] to be a few percent in the Standard Model, with most of the individual modes contributing a few times 10 −4 or less. The determination of their rates is a test of the loop structure of the Standard Model and can be used to constrain extensions involving new particles that can contribute to the internal lines in Fig. 1a -e.
With the data taken up to 1994 inclusive giving an integrated statistics of almost 3 million hadronic Z 0 decays per experiment, corresponding to about 1.3 million b quark decays, experiments at LEP have reached a sensitivity at the level of the expected decay rates for several of these channels. The use of high resolution vertex detectors allows the secondary vertex topology of the decay of the long-flying B hadron to be reconstructed, thus improving the signal to background ratio. In addition, the efficient hadron identification specific to the DELPHI detector is a powerful instrument for classifying the candidate events.
The paper is organised as follows. The components of the DELPHI detector most important for this study and the event samples used are first summarised briefly in Sect. 2. Section 3 describes the analysis of exclusive hadronic charmless decays. These are important because the role of tree level and penguin contributions can be studied from the rates observed in different decay channels. The understanding of the penguin contribution to decays such as B → ππ will be an essential ingredient in the studies and interpretation of CP asymmetries in B decays at dedicated B experiments [2] . Sections 4 and 5 describe the reconstruction techniques and the results obtained in the searches for b → sγ and B → K * νν decays. The conclusions are summarised in Sect. 6.
The detector and generalities of the data analysis
The DELPHI detector and its performance have been described elsewhere [3, 4] . Of particular importance for this study are the identification of charged particles and photons and the precise track extrapolation to the neighbourhood of the Z 0 decay point, allowing the selection of Z 0 → bb decays and the reconstruction of their secondary vertices.
Charged particle identification
Charged particle identification over a wide momentum range is an important feature of the DELPHI detector. Hadrons are identified by the combined use of the information derived from the specific ionisation in the Time Projection Chamber (TPC) and from the detection and measurement of rings of Cherenkov photons in the Ring Imaging Cherenkov detector (RICH). The absence of Cherenkov light in the RICH is also used ("veto mode").
The TPC provides up to 192 sampling points along the track giving a measurement of the rate of energy loss, dE/dx, to a precision of about ±7% in hadronic events. This corresponds to separating kaons from pions by 1.5 standard deviations (σ) for particles with momenta above 3.5 GeV/c. The RICH gas radiator separates light particles (e, µ, π) from heavy ones (K, p) above 3.5 GeV/c and separates kaons from protons from 9 to about 20 GeV/c [4, 5] . With the loose selection criteria used in this analysis, the efficiency for tagging a particle in this kinematic region is about 0.80 in the polar angle acceptance of the Barrel RICH, from 40
• to 140
• , and is almost independent of the particle momentum. For particles tagged as kaons, the rejection factor against misidentified pions is close to 5 using the dE/dx information and from 8 to 5, decreasing with increasing particle momentum, using the RICH detector. Identified charged particles were attributed their corresponding masses, unidentified ones were assumed to be pions.
Photon identification
Photons were detected by the barrel electromagnetic calorimeter, called the High-density Projection Chamber (HPC), located at a radius from the beam axis of between 208 and 260 cm and covering polar angles between 41
• and 139
• . Its design provides full three-dimensional charge information of the electromagnetic showers. The spatial resolution is about 20 mrad for the azimuthal angle while for the coordinate along the beam axis (z) it is much more precise, varying between 1.3 mm and 3.1 mm depending on the polar angle.
The energy resolution was measured to be 6% at 45 GeV using Bhabha events.
Electromagnetic clusters not associated to a charged particle track were used to reconstruct photons and neutral pions. Single photons were distinguished from those from π 0 decays using different methods according to the energy. Low energy neutral pions were reconstructed by observing two clearly separated showers giving an invariant mass m γγ compatible with this hypothesis. At energies above 5 GeV, the two showers are usually merged, and the threedimensional reconstruction of showers in the fine grained HPC electromagnetic calorimeter was then used to separate photons from neutral pions. This was achieved by constrained fits to the shower shape using the profiles expected for the photon and π 0 hypotheses. For showers reconstructed in the HPC with energy larger than 5 GeV, and with the selection criteria used in this analysis, the efficiency for identifying photons correctly was estimated to be 0.6, approximately independent of the energy, and the rejection against neutral pions varied between 3.5 and 2.0.
Track extrapolations to the interaction region
A three layer silicon vertex detector (VD) in the DEL-PHI tracking system ensures precise track reconstruction near the interaction region. In 1994 this detector was upgraded by replacing its innermost and outermost layers with double sided microstrip detector modules providing reconstruction of track points in space [6] . The innermost layer covers polar angles between 25
• and 155
• . The accuracy of extrapolating tracks to the vertex was measured to be ((65/(p sin 3/2 θ)) 2 + 20 2 ) µm in the transverse plane (Rφ) where p is the particle momentum in GeV/c and θ its polar angle. The precise track reconstruction obtained by the use of the vertex detector allows the use of secondary vertex reconstruction for the separation of B decay products from primary hadronization particles. The reconstruction of these vertices is described below. In order to preserve an accurate track extrapolation to the vertex region, only tracks with at least one associated VD hit were used in the reconstruction of secondary vertices. This requirement was not applied for the reconstruction of K 0 s → π + π − decaying outside the beam-pipe.
Generalities of the data analysis
Hadronic events were selected by the standard hadronic tag criteria [7] . This gave a total of 2.844 × 10 6 Z 0 hadronic decay candidates from the 1991-1994 data set. The efficiency of the selection was determined to be 0.950 ± 0.005 on simulated data.
A b-tagging algorithm based on the significance, d/σ, where d is the impact parameter and σ its error, of the impact parameters of all the tracks in an event was applied to remove decays of the Z 0 into light quarks [8] . For each event, this algorithm gives the probability corresponding to the hypothesis that all the tracks originated at the Z 0 production point. Thus Z 0 → uū, dd or ss decays give a flat probability distribution while Z 0 → bb decays give a pronounced spike near zero. Hadronic events were required to have a probability from the b-tagging algorithm smaller than 0.03. This cut gives a selection efficiency of 0.85 for Z 0 → bb events and a purity of 0.67.
Further enrichment in bb events was obtained by the specific requirements on vertex topology and kinematics in the different analyses, as described in the corresponding sections below. For the inclusive b → sγ analysis, only loose requirements on the secondary vertex were applied. For this reason the cut on the b-tagging probability was set at 0.01, corresponding to an efficiency of 0.75 and a purity of 0.80.
For each selected Z 0 → bb candidate, the primary vertex was fitted using a procedure that iteratively linked tracks to the beam-spot. Tracks not compatible with the beam-spot position were then removed. Secondary vertices were fitted using candidate secondary particles selected using kinematic and topological variables as described below for the different decay modes. A very loose χ 2 -probability cut at 10
was applied to reject combinations of tracks completely incompatible with the the hypothesis of originating from a common secondary vertex. The wrong association of fragmentation particles to the secondary vertex was strongly reduced by the requirements described later on the momenta, impact parameters and hadron identification of the tracks tested at this vertex. The invariant masses of the particles at the reconstructed vertices were determined with the track parameters recomputed at the fitted secondary vertex. In reconstructing exclusive decay modes, further cuts on the vertex topology were applied to remove events with additional secondary tracks not used in the vertex reconstruction. A combination was rejected if at least one track, above 3 GeV/c and not used in the secondary vertex reconstruction, either missed the primary vertex by more than 2 σ or fitted the secondary vertex within 1 σ, where ±σ is the 68% confidence level range after the convolution of the track extrapolation and the vertex reconstruction errors.
Charmless b decays were considered to proceed via an intermediate resonance if the reconstructed mass of the relevant particles was within 2 σ of the resonance mass, where σ is the 68% confidence level range after convoluting the natural width with the mass resolution. For φ → KK decays, generally only one of the two kaons had to be identified, since the narrow mass cut around the φ mass already efficiently removed most of the combinatorial background.
The reconstruction and selection efficiencies of the different analyses were estimated using dedicated samples of fully simulated Z 0 → bb events, where one of the b hadrons was forced to decay into the final states of interest. Using the decay distance and impact parameters reconstructed in space increased these efficiencies by between 15 % and 25 % in the 1994 data set compared with the data taken earlier when the VD was equipped with only Rφ read-out.
The backgrounds for the different decay modes were evaluated using 5.2 million Z 0 →and 1.6 million Z 0 → bb generated events processed with the full detector simulation. These simulation statistics are equivalent to about four times the real data set. The configuration of the DELPHI detector changed over the years, in particular for the VD. Simulation samples corresponding to the configurations in the different years were used in proportions close to those of the real data set.
To extract the results, the numbers of candidate events selected in the real data were compared with the numbers expected from the simulation of the background. In each case, the probability for the background level to fluctuate to a number of events equal to or larger than that observed in the real data was computed taking into account the uncertainty in the background estimate. Only decay modes for which this probability was less than 10 −3 were considered for deriving branching ratios.
In all other cases, only upper limits at 90 % confidence level are quoted. These upper limits were obtained from the number of events observed in the data taking into account the estimated background. If the number of backgroundsubtracted events in the data was negative, though compatible with zero, the upper limit was conservatively computed assuming it to be zero. The effects of the systematic uncertainties on the signal efficiency and on the background estimate were included in the computation of the branching ratio upper limits.
Since the B mass resolution in several exclusive decay channels receiving contributions from both the B 
Hadronic charmless decays
In the Standard Model, hadronic charmless B decays originate both from tree level spectator b → u transitions (Fig. 1a, b) , and from the one-loop penguin process in which the b decays to an s quark via a loop including a virtual W − boson and a virtual t quark (Fig. 1c) and at least one gluon is emitted, giving the b → sg, sgg and b → sqq processes [1] .
Final states with a kaon are due either to b → s transitions or to Cabibbo suppressed b → u + sū decays where the K meson originates from the W boson. Those with only pions are due mainly to b → u tree level diagrams. For example, exclusive channels such as B 0 → π + π − are mostly b → u decays with a possible contribution from suppressed b → d loop transitions. The decay B 0 → K + π − is due to a mixture of b → s and b → u + sū decays. Finally decays with a neutral kaon, such as B − → K * 0 π − , do not receive tree level contributions and are pure penguin processes.
Signals for hadronic charmless b quark decays were first reported by CLEO [9] in the sum of the B → ππ and Kπ decay modes. At LEP, analyses have been performed by all four collaborations [10, 11, 12, 13] . The analysis of the data collected by DELPHI from 1991 to 1993 provided an excess of events in two-body hadronic channels not compatible with charmed decay modes. This was interpreted as evidence for charmless decays of B mesons [11] . Adding the 1994 data sample has almost doubled the statistics available compared with the previous study. Furthermore, the upgraded DEL-PHI microvertex detector (VD) has improved the efficiency for tagging bb events, reconstructing B decay vertices, and separating particles from the B decays from those due to fragmentation.
The particle identification capabilities of the DELPHI Ring Imaging Cherenkov detector allow the separation of channels with charged kaons from multi-pion final states. The determination of the fraction of candidate charmless events containing a kaon in the final state probes the relative contributions of the tree level and penguin loop processes to the rate of rare hadronic charmless modes. In addition, rare decays of the Λ 0 b beauty baryon can be tagged due to the presence of an identified proton in the final state.
Event reconstruction
Events fulfilling the hadronic and b-tagging criteria were divided into two hemispheres. For each hemisphere the leading charged particle was used to start the secondary vertex reconstruction. Other charged particles were iteratively tested to form a common n-prong detached vertex with this leading particle.
Kinematic cuts were applied to exploit the hard b fragmentation. The total energy of the B candidate E B was required to be above 20 GeV and below the beam energy. For two (greater than two) prong topologies, the momentum of the leading particle had to be larger than 10 (8) GeV/c and that of the other secondary particles larger than 1.0 (0.8) GeV/c.
The combinatorial background was suppressed by requiring the candidate secondary vertex to be separated by more than 2.5 σ from the reconstructed primary vertex and the decay distance to be smaller than 2.0 cm. Partially reconstructed B decays give a background that falls steeply in the invariant mass distribution up to about 5.0 GeV/c 2 for B mesons. Above this value, a rather flat tail extends to higher masses. While partially reconstructed decays of beauty baryons also contribute below the Λ b mass value, this tail is due mainly to tracks from the primary vertex being incorrectly assigned to the secondary vertex. This was suppressed by requiring every track used in the secondary vertex reconstruction to have an impact parameter with respect to the primary vertex larger than 1.5 times its associated error. In the 1994 data both the Rφ and the z projections of the impact parameters were tested and at least one of the two was required to fulfil this cut. For earlier data only the Rφ projection, where the track extrapolation accuracy was determined by the VD, was used. In two prong topologies this cut was not applied to the leading particle because simulation showed that, in low multiplicity B decays, the leading particle is a B decay product in more than 98 % of the cases.
The following decay modes and their corresponding charge conjugates were investigated:
In two-body decay channels involving a vector and a pseudo-scalar meson, such as B → K * π and ρπ, the vector meson is fully polarized. The distribution of the decay helicity angle θ * in the vector meson rest frame is proportional to cos 2 θ * while the background is more isotropic. Therefore in these channels | cos θ * | was required to be larger than 0.5. In multi-prong final states, B decays into fully reconstructed intermediate states containing hidden or open charm were removed by requiring that no pair of particles had an invariant mass close to either the J/ψ or the ψ(2S) mass if given electron or muon masses, or close to the D 0 if assigned either Kπ or ππ masses. The widths of the invariant mass intervals around the charm states corresponded to a 3 σ cut, using the measured mass. For four-prong vertices which had masses consistent with B decay (see below), all combinations of three particles had to be incompatible both with the D − mass when assigned Since the main source of background is partially reconstructed B decays, the background is higher for masses below the B d,u meson mass. For this reason the signal mass regions were chosen to be asymmetric around the mass values of the different b species.
Results
The characteristics of the candidate B hadron decays into two, three and four bodies are given in Tables 1, 2 and 3. In two-body modes, eight candidates to be charmless decays of B mesons were reconstructed in the full 1991 -1994 statistics: two in the π + π − channel, three in Fig. 2 ). One of the two candidates classified as a B → π + π − decay is ambiguous with the K + π − hypothesis, since the lower momentum hadron has no particle identification information. Changing from the ππ to the Kπ mass assignment moves its total mass from 5.18 GeV/c 2 to 5.32 GeV/c 2 , which is also inside the signal mass region. No candidates for charmless Λ b decays were found.
The background was estimated by studying the rejection factors on simulatedevents for independent sets of the cuts applied in the analysis. The secondary vertex selection Table 1 . Characteristics of the candidate events in two-body decay modes. The invariant mass, energy E B , decay distance in units of significance d/σ d , and proper decay time τ B For the K * π and ρπ candidates, the value of |cosθ * |, where θ * is the helicity angle between the direction of the K or π from the resonance decay and the B direction in the resonance rest frame, and the distance of the measured resonance mass from its central value in σ units are also given. The first ππ event is ambiguous with the Kπ hypothesis
Channel
Mass criteria were relaxed for the two-prong sample. The effects of the intermediate mass and helicity angle constraints were also studied in the multi-prong sample. In addition the background suppression coming from kaon or proton identification was measured for all the channels. The rejection factors obtained from simulated events were compared with those obtained for real data and found to be consistent. This study gave 0.68 ± 0.15 background events. The background estimate was checked with the number of simulated events fulfilling all the selection cuts in the mass interval from 5.1 GeV/c 2 to 6.0 GeV/c 2 , normalised to the signal region and to the equivalent data statistics. The result was 0.75 ± 0.25 events, in agreement with the value estimated using the rejection factors.
Thus in two body hadronic modes, eight charmless decay candidates were selected in real data with an estimated background of 0.68 ± 0.15 events. The probability that all the events seen are due to a fluctuation of this background is 10 −6 . This result confirms with higher significance the evidence for charmless decays of B mesons in two-body final states already reported by DELPHI based on the 1991-1993 data [11] .
In three and four-body decay modes, five and three candidate decays were found respectively. These numbers are consistent with the respective estimated backgrounds of 3.5 ± 1.0 and 5.3 ± 1.2 events from other processes. 
Discussion
The increased statistics allow the extraction of quantitative results for the rates observed in two body charmless decay channels, in particular the branching ratios for channels with a significant excess of events in the data, and the extraction of the fraction of events with a kaon in the final state that does not originate from a spectator s quark.
Branching ratios.
In the π + π − and K + π − modes, five events were observed with an estimated background of 0.15 ± 0.05 events. These numbers correspond to a probability of originating from a background fluctuation of 5 × 10 −5 . The efficiency for reconstructing either B 0 → π + π − or B 0 → K + π − decays without distinguishing between the two final states was evaluated to be 0.25 ± 0.01 using simulated data. The uncertainty on the reconstruction efficiency was taken into account as a systematic error. Interpreting all the five observed events as signal, the corresponding branching ratio is:
This result agrees with the measurement reported by the CLEO Collaboration of (2.4 ± 0.8) × 10 −5 [9] . The exclusive K + π − channel has three events with an estimated background of 0.06 ± 0.03. This corresponds to a probability of the events being a fluctuation of the background of 10 −4 . The three events give a branching ratio for this exclusive channel of: 
For the decay into three-prong final states, the combination of the ρπ and K * π channels gave three events in real data with an expected background of 0.15 ± 0.04 events. This excess is also significant, while for either of the individual channels the probability of a background fluctuation is above 10 −3 . Again considering the three candidates as signal events, the value for the combined branching ratio is:
In three and four-body modes, where no excess of events was observed, the upper limits set by this analysis are within a factor two of the expectations for these channels. The results are summarised in Tables 4, 5 and 6 for two, three and four-body decays respectively.
Kaon fraction.
The fraction of candidates in two body modes containing a kaon in the final state was also measured. As can be seen by comparing Figs. 1a and 1b with Fig. 1c , this fraction is sensitive to the relative importance of the tree level and penguin contributions to the decay.
An unbinned maximum likelihood fit was performed using the reconstructed invariant mass m B , the average Cherenkov angleθ c and the specific ionization dE/dx as inputs. All the events with at least one of the π or K mass assignments, independently of the hadron tagging, giving an invariant mass in the B mass signal region were used in the fit. 1 The efficiency for a signal event to be accepted in the fit is 0.26 ± 0.01. The fraction candidates were fitted at the same time.
The result of the fit was that the fraction of candidate charmless hadronic B decays for which a charged kaon in the final state is not due to a spectator s quark is: 
] is determined to be 0.52 ± 0.21. These numbers are consistent with those expected if the penguin b → s and tree level b → u transitions contribute equally to the hadronic charmless b decays.
Radiative charmless decays
The radiative decay b → sγ has recently been the focus of much interest from both theory and experiments. This decay (see Fig. 1d ) proceeds through a one-loop penguin process, similar to the one contributing to the hadronic modes, in which a photon is radiated from either the W − or the quark line. The rate for this decay has been computed in the Standard Model. Including part of the next-to-leading order QCD corrections gives BR( b → sγ ) = (1.9 ± 0.5) × 10 −4 [19] .
Additional contributions can come from new particles in the loop, such as charged Higgs bosons or supersymmetric particles. These contributions can either increase or decrease the b → sγ decay rate compared with the Standard Model expectation [20, 21] . Evidence for b → sγ decays has been reported by CLEO both in the exclusive channel B → K * (892) γ [22] and in the inclusive mode [23] . The inclusive rate observed corresponds to a BR(b → sγ) of (2.32 ± 0.67) × 10 −4 , in good agreement with the Standard Model expectation. Searches for radiative charmless decays have already been performed at LEP on limited statistics by the DELPHI [24] and L3 [25] experiments.
Event reconstruction
Radiative charmless decays have been searched for in both the inclusive b → sγ and the exclusive B 0 d → K * 0 γ channels. The b → sγ analysis uses an inclusive algorithm to reconstruct the hadronic system accompanying the photon in the decay of the B hadron. This method minimizes the dependence of the result on the size of the contribution from the individual exclusive decay channels.
In the search for fully reconstructed exclusive decays, two different procedures were followed and the results were combined. In the first one, the events reconstructed using the inclusive algorithm were tested against the hypothesis of being fully reconstructed decays. The second analysis used a dedicated exclusive reconstruction procedure similar to the one used for the study of the charmless hadronic decays.
Inclusive search.
Hadronic events were selected that satisfied the b-tagging criteria and had a neutral electromagnetic shower reconstructed in the HPC calorimeter with energy larger than 6 GeV and an energy component transverse to the jet axis E t above 0.7 GeV. Neutral pions were rejected by discarding all photons giving an invariant mass smaller than 0.25 GeV/c 2 when paired with another photon, or by the shape of the electromagnetic showers as described in Sect. 2. The accompanying hadronic system was reconstructed using an inclusive procedure. Candidate secondary particles were selected among those contained in a cone of 0.7 rad around the photon direction and with momentum larger than 1 GeV/c. Pairs of charged particle tracks, sorted in decreasing order of significance of their impact parameters with respect to the primary vertex, were iteratively tested for forming a common detached vertex. Vertices having low probability or a flight distance smaller than 0.5 times the associated error were discarded. When a vertex was accepted, other charged particle tracks and reconstructed neutral pions and K 0 s , sorted in decreasing order of rapidity, were tested for inclusion. Charged particles compatible with the vertex position and neutrals with rapidity larger than 1.5 were added, provided the total invariant mass of the hadronic system and the photon did not exceed 6 GeV/c 2 . No more than one neutral pion and one neutral kaon were associated to a vertex. Events with at least two secondary particles selected in addition to the photon, a minimum mass of the hadronic system larger than the K 0 mass and a minimum total energy of 15 GeV, of which at least 5 GeV came from hadronic particles, were accepted. A study of simulated b → sγ events showed that on average 70 % of the selected particles were genuine B decay products. Candidate events were selected by further requiring the total invariant mass to be between 3.25 GeV/c 2 and 6.0 GeV/c 2 and the mass of the selected hadronic system to be below 1.6 GeV/c 2 . The dominant background is due to b → c decays with a misidentified π 0 or an energetic photon. The cut on the mass of the hadronic system removes a large fraction of this background, while it retains most of the signal, since the predicted invariant mass distribution of the hadronic system in b → sγ decays peaks below 1.5 GeV/c 2 [26] .
The energy of the B hadron was estimated by scaling the sum of the energies of the selected particles and of the photon by the ratio of the total visible mass to the B meson mass. This procedure resulted in an energy resolution of about 7 % for the selected signal events. Events with a scaled energy above 20 GeV were retained and the reconstructed photon was boosted into the B rest frame. Signal b → sγ events give an almost mono-energetic photon in this rest frame with energy E * close to the kinematic limit of (m
GeV. The accuracy of the determination of the photon energy, E * , in the B rest frame was studied using simulated b → sγ events. The resolution function was extracted from the difference between the reconstructed and generated E * values after all the selection cuts. This resolution function is well described by the sum of two Gaussian distributions having σ widths of 40 MeV and 110 MeV with the narrower of the two distributions containing 40 % of the decays.
The detailed shape of the photon spectrum was obtained from a fully inclusive spectator model that uses a B meson wave function model and includes gluon bremstrahlung and higher order radiative effects [26, 27] . The input parameter values chosen were m B = 5.279 GeV/c 2 , m top = 180 GeV/c 2 and p F = 0.27 GeV/c, where p F is the Fermi motion of the b quark in the hadron, while the spectator quark mass m q was set to zero. In the simulation of the signal events, the branching ratios for the different K * states were taken from the same model [28] except for the K * (892) for which the central value of the CLEO measurement [23] of BR(B → K * (892)γ)/BR(B → sγ) = 0.19 was used. In addition, 27% of the radiative decays were allowed to produce multi-body final states for which the JETSET fragmentation scheme was used [29] . Using this simulation, the efficiency for the above reconstruction procedure was found to be 0.043 ± 0.002. For comparison, using this efficiency, the central value measured by the CLEO collaboration for BR(b → sγ) corresponds to about 11 signal events reconstructed in the DELPHI data.
Exclusive search.
Exclusive radiative b decays were searched for in the channels:
Two reconstruction algorithms were used.
In
and the Kπγ (KKγ) mass corresponded to the B meson mass. Candidate events were selected in the mass region 4.9 GeV/c 2 < M(Kπγ) < 5.7 GeV/c 2 and 5.0 GeV/c 2 < M(KKγ) < 5.8 GeV/c 2 . The second algorithm looked for displaced secondary Kπ (KK) vertices associated with an energetic photon. This procedure profited from the clear signature of a charged kaon tagged by either the RICH detector or the dE/dx of the TPC emitted in a cone of 0.7 rad around the photon direction. The candidate kaon was tested to form a displaced secondary vertex with each of the other tracks having momentum above 1.0 GeV/c. Pairs having an invariant mass compatible with that of the K * (892) 0 or φ meson were associated with the photon and the total mass of the corresponding Kπγ or KKγ system was computed. The selection criteria were similar to those of the b → sγ analysis for the photon and to those of the hadronic charmless decays for the charged particles. The photon was required to have more than 6 GeV, the momentum of the tagged kaon had to be above 3.5 GeV/c and the sum of the photon and K * energies had to exceed 25 GeV.
The B mass resolution obtained from simulated signal events was 0.25 GeV/c 2 for both selection algorithms. The efficiency was computed with fully simulated B 0 → K * (φ) γ events. Taking into account the fraction of signal events tagged by both procedures, the total efficiency is 0.076 ± 0.008 (0.075 ± 0.010). Using this efficiency, the central value of the CLEO measurement of BR(B → K * γ) = (4.5 ± 1.7) × 10 −5 [22] corresponds to 2 fully reconstructed decays in the DELPHI data sample.
Results

Inclusive search.
The fraction of inclusive b → sγ candidates selected in real data by these cuts was extracted by a fit to the shape of the spectrum of the boosted photon energy. The signal was described by the predicted photon spectrum described above smeared with the resolution function obtained using simulated signal events. The background was modelled using fully simulated hadronic events not containing b → sγ decays and fulfilling the same cuts as the real data.
No excess of events in real data was observed and the fit gave 1 ± 12 signal events or BR(b → sγ) = (0.2 ± 2.5) × 10 −4 (Fig. 3) . This corresponds to an upper limit of 20 events at 90 % confidence level or BR( b → sγ ) of 4.4 × 10 −4 . The ratio of events selected in real and simulated data in the full spectrum of E * was 1.03 ± 0.06. In the signal enriched region, defined by 2.25 < E * < 3.00 GeV, 84 ± 9 events were found in real data with 91 ± 4 expected from simulation.
The stability of this result with respect to changing the selection criteria was studied. In particular, relaxing the btagging cut to 0.03, as for the other analyses, gave 5 ± 13 signal events or BR(b → sγ) = (1.0 ± 2.5) × 10 In the region 2.25 < E * < 2.60 GeV, where the signal to background ratio is more favourable, the background is due mainly to B → D * π 0 X decays and qqγ events.
-The branching ratios for the two-body B → D * π 0 decays were tuned in the simulation in order to agree with the present world averages [30] . Their uncertainty was included in the systematic errors. The inclusive π 0 background was checked by repeating the analysis selecting π 0 candidates instead of photons. The shape of the E * distribution for real data was found to be reproduced by simulation. In the region 2.25 < E * < 2.60 GeV there were 101 ± 10 events in real data compared with 106 ± 5 expected from simulation.
-The ratio of the number of qqγ events in real data to that in the simulation was estimated by a fit to the distribution of E t /E for the selected photons . The qqγ events are characterised by a broad distribution of E t /E extending to large values while other processes, including b → sγ, are peaked at E t /E below 0.35. An excess of events at E t /E above 0.45 was present in real data. From the result of a fit leaving the fraction of qqγ events free, the ratio of qqγ events in the data to that in the simulation was found to be compatible with 1.0 with an error of 0. The sensitivity of the upper limit to the predicted shape of the E * distribution for b → sγ events was also studied. This was done by varying the value of p F from 0.27 GeV/c, obtained from an analysis of the B semi-leptonic decay [31] , to 0.45 GeV/c, which gives the best fit [27] to the photon spectrum obtained by CLEO. The change in the value of p F increases the smearing of the photon spectrum. The upper limit derived with the new value for p F increased to 5.0 × 10 −4 .
To take the systematic errors into account, the levels of the D ( * ) π 0 and qqγ backgrounds and the value of p f were varied as above and the resolution function, the absolute normalisation of real to simulated data, and the reconstruction efficiency were all changed by their uncertainties. The convolution of the changes in the fitted number of signal events was propagated to obtain the upper limit in the presence of systematic errors. The final result was:
This limit is compatible with the Standard Model expectations for BR(b → sγ) and the results reported by the CLEO Collaboration. (Fig. 4) , there are two events in the signal mass region with an expected background of 0.66 ± 0.17 events. This corresponds to a probability for a background fluctuation of 0.14. Therefore no significant excess of events was observed and the upper limit on the number of signal events of 4.7 was derived at 90 % confidence level corresponding to
Exclusive searches. For the
The ratio of events in real and simulated data in the mass region from 3.5 GeV/c 2 to 6.5 GeV/c 2 , excluding the signal region, was found to be 1.13 ± 0.30.
This result was cross-checked by performing a fit to the spectrum of the photon energy in the B rest frame as was done for the inclusive b → sγ analysis. The fit gave BR(B 0 d → K * (892) 0 γ) = (7.8 ± 6.8) × 10 −5 , corresponding to an upper limit at 90 % confidence level comparable with the one obtained above.
After including the effect of the systematic uncertainties on the background estimate and the reconstruction efficiency, the final result was:
For the B 0 s → φγ mode, one candidate was selected with an estimated background of 0.35 ± 0.13 events. Thus no excess of events was seen and the upper limit for the decay branching ratio was found to be:
s → φ γ) < 7.0 × 10−4 at 90 % confidence level and including systematic uncertainties (Table 7) .
Dineutrino charmless decays
Like the radiative b → sγ decays, b → sll decays with l = e, µ, ν have also received considerable theoretical attention [20, 33, 34] . In the Standard Model, dineutrino decays b → sνν (Fig. 1e) are simpler to treat than other classes of rare decays involving dileptons, such as b → sµ + µ − , and therefore the rates predicted are subject to smaller uncertainties. The estimated rate for b → sνν is in the range (0.4 − 1.0) × 10 −4 for m top = 180 GeV/c 2 , with about 30 % of the inclusive rate going through B → K * νν [34, 35] . Analogously to b → sγ decays, the rate for this decay can be modified by the contribution of new particles in the loop.
In addition it has recently been pointed out [36] that a new U (1) gauge boson X, coupling predominantly to third family fermions, could give a large increase of the rate b → sν τντ produced by tree level X boson exchange in addition to Z exchange. For specific combinations of the X boson mass M X , its coupling g X and the Z − X mixing angle, this rate can become as large as the b semi-leptonic decay rate.
At LEP this process can be searched for in exclusive decays consisting of a secondary strange particle accompanied by large missing energy due to the presence of the two neutrinos. At LEP energies, the decay products of the two b quarks are contained in opposite hemispheres. This is essential for tagging the presence of a beauty hadron decaying into sνν using the missing energy. To suppress the large backgrounds from partially reconstructed s, c and b decays, the analysis was performed using the exclusive final states K * νν and φνν. The cuts on the invariant mass of the strange mesons and the secondary vertex reconstruction reduce the combinatorial and other backgrounds.
Event reconstruction
Hadronic events satisfying the b-tagging criteria were selected as in the two previous analysis. The b → sνν decays were searched for in the exclusive channels:
The reconstruction started with an identified charged K having momentum larger than 3.5 GeV/c. Oppositely charged particles belonging to the same jet and having momentum above 1 GeV/c were tested for forming a common vertex with the charged kaon. Vertices with a low fit probability or a decay distance with respect to the primary vertex normalized to its error below 2.5 were rejected. The characteristics of the B → K * (φ) νν signals were studied on fully simulated events. For this simulation the JETSET event generator was used and events were reweighted in order to reproduce the predicted mass distribution of the νν system [34] . Signal b → sνν events can be separated from most of the background sources by using the energy detected in the hemisphere. The visible energy E vis in the hemisphere containing the strange meson candidate was determined as the sum of the energy in charged particles E cha , in electromagnetic showers measured in the HPC calorimeter E HP C , and in neutral hadrons detected by the hadron calorimeter E HCAL . The missing energy was defined as E miss = E hem − E vis . The total energy in the hemisphere E hem was determined imposing four-momentum conservation and it is given by
where E beam is the beam energy and M sh , M oh the invariant mass of the same and of the opposite hemisphere with respect to the strange particle candidate. The resolution on the missing energy can be parametrised by a Gaussian distribution with a resolution σ of 5 GeV and a wider component extending to larger values of missing energy.
Signal events are characterized by a large missing energy corresponding to a low value of E vis /E hem and a large fraction of the energy in charged hadrons and photons taken by the strange meson candidate. Semi-leptonic decays of either b or c quarks can also give large missing energy due to the emission of a neutrino and therefore represent a potential source of background. These events were removed by rejecting all K + π − and K + K − pairs having a tagged lepton in the same hemisphere. Events for which the missing momentum vector points outside the barrel region were rejected since the missing energy is likely to be due to neutrals outside the acceptance of the calorimeters. Events were also rejected if the invariant mass of the hemisphere containing the strange meson was above 10 GeV/c 2 since signal b → sνν events are characterised by a low jet mass due to the missing neutrinos. 
Results
To separate possible signal candidates from the bulk of the background, the variable α describing the position of each selected entry in the E K * /(E cha +E HP C ), E vis /E hem plane was defined (Fig. 5) . For the events in the signal enriched region corresponding to α below 0.9, a binned likelihood fit to the Kπ ( KK ) invariant mass distribution was performed to extract the number of events containing a K * or φ strange meson resonance.
In real data 70 ± 18 (97 ± 16) events with a K * (φ) were seen with an expected background of K * (φ) from other processes of 76 ± 7 (94 ± 6) (Fig. 6 ). This corresponds to 90 % confidence level upper limits for the number of signal events of 32 and 30. A study of the simulated signal sample showed that (9.0 ± 0.7)% of K * νν signal events and (7 ± 1)% of φνν satisfy these selection criteria. The following upper limits were obtained from these numbers: BR(B d → K * νν) < 9.5 × 10 −4 and BR(B s → φνν) < 4.9 × 10 −3 . The agreement between the data and the Monte Carlo in describing the background was verified. The ratios of the events in real data and simulation in the region of α above 0.9 is 1.02 ± 0.03 (0.95 ± 0.05), showing that the rejection factors of the selection cuts for real data are well reproduced by the simulation. Also the number of K * and φ candidates obtained from the fit to the mass distributions in real data and simulation were found to be in agreement. Before applying the cut on the angular variable α, the ratios of these numbers were 1.00 ± 0.07 and 0.98 ± 0.07 for K * and φ mesons respectively. Including the statistical errors of these comparisons as contributions to the systematic uncertainty, the final values of the upper limits are (Table 8) These limits place a constraint on the combination (g X /M X ) 2 × mixing angle in an extended theory with a new U (1) gauge boson X coupling predominantly to the third generation of fermions [36] . Assuming a ratio between the exclusive B → K * νν branching ratio and the inclusive b → sνν rate of 0.30, an upper bound for the mixing angle |λ 
Conclusions
A search for rare decays of the b quark in charmless hadronic, radiative and dineutrino modes has been performed using 3 × 10 6 Z 0 hadronic decays recorded by the DELPHI detector at LEP.
Evidence for charmless hadronic decays of B mesons was obtained by observing eight events in two-body modes.
The branching ratio for B Improved upper limits were set for other two-body hadronic charmless B meson decays and for the charmless decay of the beauty baryon Λ b → pK − (see Table 4 ), and also for three body (Table 5 ) and four body (Table 6 ) B meson decays.
Using an inclusive algorithm for reconstructing the hadronic system accompanying an energetic photon, candidate b → sγ events were separated from the dominant b → c background. No excess of events was found in the signal region. An upper limit for BR(b → sγ) of 5.4 × 10 
